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1 Executive Summary

1.1 Background

The aircraft conflict detection and resolution (CD&R) literature has focused primarily
on the conflict detection and avoidance problem. Less material has been presented on
the recovery maneuvers required to complete the conflict resolution. Also, only limited
research has been published that addresses the two-body CD&R problem in the
presence of traffic flow constraints.

A number of different air traffic flow constraints are investigated. These traffic flow
constraints include conflict avoidance of an intruder aircraft with recovery to a miles-in-
trail (MIT) slot. In addition the recovery maneuver following conflict avoidance with an
intruder aircraft or hazard region to meet a required time of arrival (RTA) at a
stationary (next) waypoint is studied.

This report summarizes the conflict detection, avoidance, and recovery algorithms for
two aircraft or an aircraft with a hazard region. Since the speed maneuver capability of
an aircraft is limited, the available speed maneuver capability of a typical jet aircraft
(MD-80) as a function of pressure altitude is computed.

To provide a quantitative comparison between alternate conflict resolution maneuver
options, a maneuver efficiency metric is developed. This metric is sensitive to changes
in the flight time and the fuel consumed during conflict resolution maneuvers. Using
this efficiency metric based on the performance characteristics of an MD-80 aircraft, a
number of test cases are evaluated consisting of two-aircraft conflict resolution
maneuvers as well as maneuvers of a single aircraft around a hazard region. The
nominal unconstrained maneuver cases are then compared to the RTA or MIT-
constrained cases. The test cases involve both a single crossing angle scenario as well as
parametric crossing angle scenarios. Also scenarios involving differences in the initial
speed of the intruder aircraft are developed that provide a speed
advantage/disadvantage to the own aircraft.

The conflict resolution maneuvers summarized in this report focus on the horizontal
(planar) conflict scenario using maneuvers that involve the aircraft speed, track angle,
or both. The focus of this report is on avoidance and recovery maneuvers that can be
described by analytic or semi-analytic solutions. The change in speed or track angle is
initially assumed to be completed in a short time relative to the duration of the overall
avoidance or recovery maneuver. Hence, these maneuvers initially may be treated as
instantaneous maneuvers. Having defined the desired instantaneous maneuvers, the
acceleration/turn rate constraint maneuvers are derived. This is analogous to
determining the desired guidance command and using this guidance command to
derive the corresponding control command.

1 Seagull Technology, Inc.
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Also it is assumed that the aircraft state is known perfectly and the state propagation is
assumed to occur without error. Finally, in this report, the focus is on the maneuvers
performed by one aircraft; however, the equations are general enough to handle the
case where either of both aircraft perform the conflict resolution maneuvers.

1.2 Results

For the scenarios that were investigated, the time to loss of separation with an intruder
or hazard was set at about 5 minutes. Hence, under this tactical scenario where the
aircraft were at a typical cruise altitude of FL310, it was determined that the speed-only
maneuvers were generally infeasible. This arose from the fact that the required speeds
exceeded either the maximum thrust speed limit or the minimum buffet speed limit.

On the other hand, the track angle-only avoidance and recovery maneuvers were
generally feasible even when an operationally acceptable maneuver limit of £60 degrees
was imposed. The track angle only maneuvers also achieved the highest efficiency
metric relative to maneuvers that consisted of combined speed and track angle
maneuvers.

While the combined speed and track angle avoidance maneuvers are not unique, this
report focused on an optimum combination of these maneuvers. Taken from [1], the
optimal maneuver was defined as the avoidance maneuver that requires the smallest
change in the own aircraft velocity (speed and track angle) vector. In the case that the
speed avoidance maneuver for this optimum maneuver exceeds a limit, the speed is
reset to the nearest limit. Then a corresponding track angle maneuver is selected that
will still lead to an avoidance of the intruder. If the recovery speed maneuver limit is
exceeded there is no alternative but to declare this optimum (or sub-optimum)
avoidance and recovery maneuver to be infeasible.

For the parametric crossing angle cases, the crossing angle of the intruder aircraft
relative to the own aircraft was varied in increments of ten degrees. For all the
maneuver test cases investigated in this report, the conflict was constructed in such a
way that if no avoidance maneuver was used, the own aircraft would not only
penetrate the protected zone around an intruder but also collide with the intruder. As a
result, the own aircraft always had a choice of performing an avoidance maneuver that
led the own aircraft to pass ahead or behind the intruder aircraft. With the efficiency
metric, it was then possible to see which of these two maneuvers produced the highest
efficiency.

For the parametric crossing angle cases, it was found that for the small crossing angle
cases of £20 deg or so, the avoidance maneuvers were found to be infeasible. This arises
from the fact that the relative avoidance velocity between the own and intruder aircraft
is very low. As a result, any maneuver that further reduced this relative avoidance
velocity generally resulted in excessively long avoidance maneuver times. Hence, the
own aircraft ended up passing its next waypoint before being able to initiate its

2 Seagull Technology, Inc.
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recovery maneuver. Therefore, these avoidance maneuvers were also considered to be
impractical.

1.3 Further Work

Work in this report focused exclusively on the planar conflict detection and resolution
problem. As a result, only speed, track angle, or a combination of these maneuvers was
investigated. Because of the vertical dimension of the real-world CD&R problem, future
work should extend the current analysis to include vertical conflict avoidance and
recovery maneuvers. This is especially relevant to conflicts involving climbing or
descending aircraft. The own aircraft would then be able to add an altitude change to
the maneuver options that it could exploit, in addition to the speed and track angle
maneuvers. The efficiency metric could be extended, as necessary, to evaluate the merits
of these altitude maneuvers as well.

This report also addressed the CD&R problem when there is perfect knowledge of the
own and intruder aircraft position and velocity. When the uncertainties in this
knowledge are considered and the conflicts are detected at longer (strategic) ranges, the
decision arises of when to initiate the avoidance maneuver. If the maneuver is initiated
as soon as the conflict is detected, the uncertainty in the knowledge of the states of the
intruder aircraft is largest. Hence, an avoidance maneuver may be selected that is not
optimum or may not actually be necessary. On the other hand, if the maneuver is
delayed to reduce the uncertainty in the intruder aircraft state, a larger and less efficient
maneuver may be required. Hence, it is recommended to explore this trade-off using
the efficiency metric to determine the best avoidance maneuver option.

3 Seagull Technology, Inc.
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2 Introduction

This report presents conflict detection, avoidance, and recovery algorithms in the
horizontal plane when an intruder aircraft threatens the safety of the own aircraft. In
addition avoidance of stationary hazards, such as terrain or special use airspace (SUA)
or moving hazards, such as storm cells is investigated. The recovery phase requires that
the own aircraft turns back to its original flight plan. This requires the aircraft to fly to
its next waypoint. If it was originally in a miles-in-trail (MIT) slot, it must return to its
MIT slot. Returning back to the next waypoint may also be required with a recovery a
recovery velocity to satisfy a required time of arrival (RTA) constraint at the next
waypoint. The general scenarios are illustrated in Figure 1.

UNCONSTRAINED TEM-CONSTRAINED
Ownship Ownship
| |
-}. | -Er_ |
Other I Other I
Aircraft | Aircraft |
| |
| |
Area | Area |
Hazard I Hazard I
TEM A
Constraint

Figure 1. Aircraft Conflict Scenarios

The avoidance maneuvers that are examined include speed, track angle, or a
combination of both. Once the avoidance maneuvers have been selected, the
requirement that the own aircraft return back to its original flight plan dictates the
required recovery maneuver, whether speed, track angle, or a combination of these two
maneuvers.

The avoidance and recovery maneuvers are initially assumed to be achieved
instantaneously. After the avoidance and recovery maneuvers have been identified,
acceleration/turn rate-limited avoidance and recovery maneuvers are presented. In
addition, the speed maneuver envelope for a typical aircraft, the MD-80, is investigated.
This maneuver envelope is used to determine the available speed limits at cruise
altitude. In addition, the maximum acceleration, deceleration, and turn rates that this
aircraft can achieve at cruise altitude are identified.

4 Seagull Technology, Inc.
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To provide a comparison between alternate conflict resolution maneuvers, a
performance metric is developed. This so-called efficiency metric (EM) incorporates the
direct operating cost (DOC) of the own aircraft. The DOC is based on the flight time and
expended fuel costs. The EM starts by computing the nominal DOC between the current
location of the aircraft and the next waypoint. It then compares the nominal DOC to the
DOC that is required to perform the conflict avoidance and recovery to the next
waypoint.

Following the theoretical developments, a set of single crossing angle cases are
evaluated. The single crossing angle cases assume that the intruder aircraft will produce
a broadside (-90 deg crossing angle) conflict with the own aircraft if no evasive
maneuvers are taken. In addition, conflict with a stationary hazard directly in front of
the own aircraft or a moving hazard that moves across the nominal flight path of the
own aircraft is investigated.

Following the single crossing angle encounter cases, a number of parametric crossing
angle cases are investigated. These cases also include situations where the own aircraft
initial speed is 10% faster or 10% slower than the intruder aircraft.

In this report, the focus is on analytic or semi-analytic algorithms that describe the

conflict detection, avoidance, and recovery phases of flight. This report also draws on
work previously reported by other authors and extends this work, where relevant.

5 Seagull Technology, Inc.
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3 Two-Aircraft Conflict Detection and Avoidance

3.1 Conflict Detection:

To introduce the nomenclature that will be used in this paper, the conflict avoidance
problem between two aircraft is summarized and illustrated in Figure 2 in a local-level
coordinate system. In Figure 3 it is also presented in an intruder aircraft-centered local-
level coordinate system. Key variables are further illustrated in Figure 4 that shows a
potential conflict of the own (O) aircraft with an intruder (1) aircraft in the relative
coordinate system.

2 AIRCRAFT PLANAR CD&R TRAJECTORIES
40 i i OWN | i
| | AIRCRAFRT |
| | | |
| | | |
20F------- ----POINFOF-- -} ------- e T T———
=R ! CLOSEST ! !
=
o INTRUDER ~ APPROACH | |
Q AIRCRAFT ! !
0 7777777 L L L
£ | PROTECTED |
a ! ZONE ABOUT !
T | INTRUDER |
o | AIRCRAFT |
o200 ------- e il Bl S —-——-== H------—
2 | | |
| | |
| | |
| | |
| | |
4OF------- R TSNS §f RS e T ———
| | |
| | |
| | |
| | |
| | |
-60 \ ! !
-60 -40 0 0 20 40 60
EAST DISTANCE (nm)

Figure 2. Two Aircraft Conflict Avoidance Scenario with Recovery to Fixed Waypoint
(Local-level coordinates, Own aircraft uses track angle maneuvers to pass behind
intruder)

A circular protected region about the intruder aircraft of radius R, is defined. Using
this protected zone, a conflict may occur (is detected) when the own aircraft is moving

toward the intruder aircraft:
R<0 and, s;<R, (1)

The separation distance, s., at the point of closest approach is:

s =Rsin(3-180°) @)

6 Seagull Technology, Inc.
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Figure 3. Two Aircraft Conflict Avoidance Scenario with Recovery to Fixed Waypoint
(Intruder-centered Coordinates, Own aircraft uses track angle maneuvers to pass
behind intruder)

Y (East)

-~ OWN
AIRCRAFT M'A

INTRUDER
AIRCRAFT

X (North) Protected Zone

Figure 4. lllustration of Variables Required for Conflict Detection and Avoidance
(Intruder Aircraft-centered Coordinates)

7 Seagull Technology, Inc.



RTO-67 Final Report

The range rate: R=Vcosf (3)
The relative track angle is: B=(X-6) )

The relative velocity track angle is:

X = arctan( Vo SINZo —V, SINZ, } (5)
V, COS o —V, COS %,

The relative range azimuth angle is:

6= arctan[uj (6)
Xo =X

3.2 Conflict Avoidance

This section summarizes the two-aircraft avoidance maneuvers as developed in [1]. For
the scenario illustrated in Figure 4, the conflict is avoided by changing the relative track

angle, g to 5,:
B, =180° + arcsin(%’j (7)

Of the two solutions in (7), the solution that requires the smallest change from S, to 3,
is usually chosen. If this change is of the same magnitude for maneuvers to the left or
right, other factors may be considered. These factors include selecting the maneuver
that is achieved with the highest performance using the efficiency metric (EM) that will
be presented later.

The avoidance relative velocity track angle based on (5) - (7) is:

X,=0+p,)= arctan( Von SN Zor ~Via SN Zin j (8)
Voa COS Yop —Via COS Y|n

In (8), the unknown variables are the own aircraft avoidance speed and track angle, v,
and y.,, and the intruder avoidance speed and track angle, v,, and y,,. Hence, any
combination of these four variables can be selected so long as they satisfy (8).

One strategy proposed in [1], partitions the required change in the relative track angle,
(X, —X), between the own aircraft and the intruder. Hence, if f1 and f2 is the fraction of
the change in the relative track angle assigned to each aircraft. Then:

8 Seagull Technology, Inc.
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XA15X+f1'(XA_X) )
and, X, =X+, (X, —X) (10)
where f,+f, =1 (11)

Default values for f1 = f2 = 0.5, corresponding to a 50%-50% split between the two
aircraft. Hence, using (8) together with either (9) and (10):

XAl — arctan[ Voa SIN ¥oa —V, SINY, J (12)

Voa COS Yoa =V, COS %,
and,

Vg SiNyo —V , Sin
X =arctan[ 0 SN o ~Via SN Zin j (13)
Vo COS Yo —V s COS ¥/

If only the own aircraft speed or track angle is used to perform the avoidance
maneuver, either a speed-only avoidance maneuver or a track angle-only avidance
maneuver can be used [1]:

_y | SinXa—2)
Lm(xA ~ 7o J 4o
or,
Yon =X, —arcsin{(\\//—'jsin(XA -7 )} (15)

Caution must be used to select the correct solution for the arcsine function in (15). This
follows, since the arcsine has two possible solutions. Also, the argument of this function
must not exceed a magnitude of 1.0.

As shown in [1], the geometric optimal (minimum required own aircraft velocity vector
change) combined speed and track angle avoidance maneuvers are:

Vi Sin(XA_Zl):| (16)

Xoa = XA —arctan{ -
Vo S'”(XA _Zo)

and,

— COS(XA _Zo)
O [=roem] o

By reversing the role of own and intruder aircraft in (14) - (17), the corresponding
optimal dual avoidance maneuvers for the intruder aircraft are obtained.

9 Seagull Technology, Inc.
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4 Aircraft Recovery

4.1 Recovery to Moving Waypoint (Miles in Trail Constraint)

While waypoints in general are stationary, moving waypoints arise when an aircraft
must reach a miles-in-trail (MIT) slot in a stream of traffic. This case is illustrated in
Figure 5 in a local-level coordinate system and in Figure 6 in an intruder-centered local
level coordinate system.

40 T T T T T T T
| | | I OWN AIRCRAKFT I
I I I I I I
| | | | (MIT SLOT) | !
sl S SR R Y | A o
l l l l l l l
I I I I I I I
l l l l ! l l
~20------ [ T T [ Sty i AT ToT - - - b
e | | | | | | |
£ I I | | I I I
w l l POINT OF l l l
LZ) 10 ----- [P 1 ___CLOSEST- _J__ |- - ___ a_ Lo [ N
< INTRUDER ~ APPROACH | | |
) AIRCRART l l N l l l
[a) ob---- | e | | | | | o |
T l l l l / l l !
& } } : : ¥ PROTECTED }
o | | | | ZONE | |
Z10F----- [P Qo Lo __ [ W I O T Lo __ [ _
I I I | I I |
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I
20 ----- [ R T [ | R T e -
l l l l l l l
I I I I I I I I
- A S S N R B SR
-50 -40 -30 -20 -10 0 10 20 30 40
EAST DISTANCE (nm)

Figure 5. 2-Aircraft CD&R Maneuvers
(Local Level Coordinates, MIT Constraint)

The conflict recovery maneuver nominally is initiated when the conflict avoidance
maneuver has been completed. The avoidance maneuver is completed when the own
aircraft reaches the point of closest approach (PCA) to the intruder aircraft. The nominal
coordinates of the point of closest approach to the intruder aircraft, relative to the point
at which the conflict was detected, is obtained using the time to reach the point of

closest approach, t,,:
X X cos
( ]{ °J+tmvo{. "J (18)
yO,PCA yO Slr‘lzf/OA

10 Seagull Technology, Inc.
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NORTH DISTANCE (hm)

|
OWN

AST DISTANCE (nm)

Figure6. 2 Aircraft CD& R Maneuvers
(Intruder-centered Coordinates, MIT Constraint)

A X (North)

Next
Waypoint

WP Y (East)
O »

Figure 7. Recovery Geometry to Next Waypoint
(Local Level Coordinates)
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where,

_ [Rcos g,
SLETA »

The azimuth angle for the relative recovery range at the point of closest approach for
the general case of a moving waypoint is:

(20)

O oo = arctan(yO'PCA yWP,PCAj

Xo,pca ~ Xwe pca

(XWP'PCAJ = (XWP j+ tocaVwe [C.OS Hue ] (21)
yWP,PCA yWP SIIFl/?WP

The recovery problem is similar to the two aircraft conflict avoidance problem in the
last section. Hence, a necessary and sufficient condition for recovery to the moving
waypoint is for the relative velocity track angle, X, to be aligned with the relative
range azimuth angle, 6, in (20):

where,

XR,PCA = (gR,PCA +1800) (22)

Before this recovery maneuver is executed, it must be checked to see that it does not
violate the protected region around the intruder aircraft, as illustrated in Figure 8.

OWN AIRCRAFT OWN AIRCRAFT Y (East)
at completion of at start of
CONFLICT AVOIDANCE ~ / RECOVERY 'S
/'\—/A,WP \\

—1

~

INTRUDER \—/RP 7

AIRCRAFT

-

X (North) X (North)

Protected Zone

Figure 8. Conflict-Free Recovery Geometry
(Waypoint-centered Local Level Coordinates)
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Using the circular protected region about the intruder aircraft of radius R, a conflict
may occur (is detected) when the own aircraft is moving toward the intruder aircraft if:

Scr <Rp (23)
The recovery minimum separation distance, s, at the point of closest approach is:
Scr = RWP,PCA Sin(XR,PCA - QWP,PCA _1800) (24)
If (23) is not satisfied, then the recovery maneuver is initiated at:
th =lpca (25)
If (23) is satisfied, the recovery maneuver cannot be initiated at the completion of the

avoidance maneuver as specified by (19). Instead, it must be delayed by small time
interval, At,:

At, = M (26)

SC,R
This leads to a total avoidance maneuver time of:
ty =tpca +AL, (27)
Rather than try to solve (26), the most convenient way to determine this delay is to
perform a simple numerical search for the minimum delay that will avoid a recovery
conflict. Hence, a search is started with a 1-second delay and is incremented by 1 second

until the minimum necessary delay is obtained.

The new location for the start of the recovery maneuver is then:

X X cos
( j:( O]HAVOA\[ . xj 28)
yOA yO Sln/?OA
With this time delay and the scenario illustrated in Figure 7, the conflict is avoided and

recovery to the MIT slot is initiated by changing the avoidance relative velocity track
angle, X e, 10 Xg,:

Xea = Oyp o +180° £ arcsin( Re J (29)

WP, A

13 Seagull Technology, Inc.
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where,
XA,WP = arCtan( Voa Sin/?f/OA —Vwe Sin)pr ] (30)
Voa COS Yon — Ve COS Yyp

Owp a = arctan(MJ e

Xia = Xwp A
Ruea = \/[XIA ~ Xwp A ]2 + [yIA ~“Ywp.a ]2 (32)

X X oS
(ool

Ywe.a Ywe SIN Ywe

A
Yia Y, SNy,

The recovery relative velocity vector is:

V. = [VRA COSXRA] _ (VOR COSZORJ {VWP COSZWP] 35
YRA T : - . - . ( )
Vea SINX gy Vor SINXor Ve SIN Fwe

The recovery relative velocity magnitude is:

VRA = \/VéR - 2VORVWP COS(IOR — Awp )+V\/2vp (36)

The recovery relative track angle is:

Vo, SIN —Vyp SIiN
XRA _ arctan( OR Xor WP Hwe j (37)
Vor COS ¥or —Vwe COS Yyp

With the relative recovery track angle, X.,, given by (29), the unknown variables in
(37) are the recovery speed and track angle, v, and y .

With (35) the following constraint equations are obtained:
Vor SIN Zor =Vga SINX s +Vyype SIN Zyp (38)

and,
Vor COS Yor =Vra COS Xga +Vyp COS Zyp (39)

14 Seagull Technology, Inc.
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Using (38) and (39), the recovery maneuver speed and track angle, v, and y.; are

Vor = \/VRZA + 2VypVia COS(X rA — Awp )+Vv2vp (40)

Viga SINX 4 + Ve SIN Zyp
VA COS Xpa +Vyp COS Yy

Xor = arctan (41)

The choice of the recovery relative velocity magnitude, V,.,, is arbitrary and only
determines the time required to complete the recovery maneuver, t,. An appropriate
choice for V,, is based on the desired time to return to the miles-in-trail slot:

LY (42)
VRA

where,

= [ Xo Xwp + t (VOA COS ¥oa — Vwp COS Fp ))2

. (43)
(( ~ Ywp ) +1 (VOA SiN Yoa = Ve SIN Y ))2 ]D

An appropriate choice for V., is based on selecting the fastest time for the aircraft to
return to its miles-in-trail slot. Hence based on (40), V., is selected such that the
maximum aircraft speed, Vg yax » 1S UsEd:

VRA =—Vwp COS(XRA — Xwp )+ \/VéR,MAX _VVZVP Sin2 (XRA — Xwp ) (44)

Using (44) in (40) and (41) yields the recovery maneuver with the shortest feasible
recovery time.

4.2 Recovery to Fixed Waypoint

For the special case where the waypoint is stationary (VWP = O), the recovery speed, vy,
iIs unconstrained (arbitrary) and can be reset to the nominal cruise speed, v,. The
recovery track angle specified in (41) and using (29) simplifies to:

Xor = (HRA + 1800) (45)
where,
Onp = arctan(MJ (46)
XOA — Xwp

15 Seagull Technology, Inc.
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4.3 Recovery to Fixed Waypoint (Required Time of Arrival Constraint)

The recovery track angle is defined by (45). The equation for the recovery speed based
on [2] is:

_ \/p\ilP _2pWPpA COS(ZOA —Xo )+ pi

Vor (47)
Pwe | | Pa
L Vo j (VOAJ
where
Pa = \/ (XOA — Xo )2 + (yOA —Yo )2 (48)
Pr = \/(XOA — Xwp )2 + (yOA ~ Ywe )2 (49)
Pwp = \/(Xo — Xwp )2 + (yo — Ywe )2 (50)

4.4 Post-Recovery Maneuver

When the own aircraft intercepts its MIT slot, it must perform a final (post-recovery)
maneuver. This maneuver adjusts the own aircraft to the MIT slot speed and track angle
in order that the aircraft remains within this slot.

16 Seagull Technology, Inc.
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5 Area Hazards

While Section 3 focused on the problem of the own aircraft avoiding an intruder
aircraft, this section addresses the problem of the own aircraft avoiding an extended
(area) hazard. The area hazards may consist of stationary hazards, such as special use
airspace or terrain. Alternately the area hazards may be moving, such as a thunder
storm.

When dealing with area hazards, a region must be avoided that cannot be described
simply as the circular protected region around an intruder. Hence, a more general
search must be made to determine the minimum and maximum relative range azimuth
angles, 6,,, between the hazard area and the own aircraft. These azimuth angles are
based on the nodes, (x,,,y,,; ) that define an area that is moving with a velocity (v,,, 7, )
as illustrated in Figure 9 and 10.

AIRCRAFT-MOVING HAZARD PLANAR CD&R TRAJECTORIES

I
OWN ‘
A!RCRAFT

40

NORTH DISTANCE (nm)

EAST DISTANCE (nm)

Figure 9. Aircraft-Moving Hazard Avoidance Scenario with Recovery to Fixed
Waypoint (Local Level Coordinates; Aircraft passes ahead of hazard without a
maneuver buffer)

Key parameters for this problem are presented in Figure 11. Whether a conflict with the
area hazard is possible is determined based on the current relative geometry and speed.
For detection, the minimum and maximum range angle for all the range angles, 6,,,
corresponding to i nodes describing the area hazard must be found:
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Figure 10. Aircraft-Moving Hazard Avoidance Scenario with Recovery to Fixed

Waypoint (Hazard-centered Coordinates; Aircraft passes ahead of hazard without a

maneuver buffer)

O = Min{eHl"“’eHn}
and,
Ouax = Max{ng""’eHn}

The relative range azimuth angle is:

6, = arctan(—yo L ]
Xo =Xy

A conflict with the area hazard is possible if:

9M|N < (/Yo _1800)< HMAX

Now the relative velocity, V , between the own aircraft and the area hazard:

v Z (V cosX] _ (VO COS ¥, —V,, COS 7,
VsinX Vo SINy, =V, Sin

18
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(51)

(52)

(53)

(53)

(54)
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X (North) OWN
A AIRCRAFT

Y (East)

Figure 11. Encounter Geometry with a Moving Area Hazard
(Hazard-centered Coordinates)

The relative velocity track angle is:

X = arctan[ Vo SNZo ~Vy SN2 J (55)

Vg COS ¥, —V, COS 7,

Hence the relative avoidance maneuver velocity vector around the moving area hazard:

V, = Va CIOSXA _ Voa CIOSZOA —Vy (.:OSZH (56)
V,sinX, Voa SIN Yop —Vy SIN Yy,
The relative avoidance velocity track angle is:
Vg, SiN -V, sin
X, = arctan( on SN Fop 7V SINA ] (57)
Voa COS Xon =V, COS 7
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The relative avoidance velocity track angle must satisfy:
X, = By — ABg i +180°) (58)
X 5 = (B + A5 +180°) (59)

The avoidance buffer around the hazard is defined by:

Abyyin = arctan[ Re j (60)
MIN
and,
)
A ax =arctan (61)
MAX

The relative range values, R,,, and R, , correspond respectively to the conflict
avoidance azimuth angles, 6,,, and 6,,,, . The buffer, R, (5 nm), is the protected radius
that was introduced previously for the two-aircraft conflict avoidance problem [3].
Alternately, if the hazard consists of a severe weather region that may produce icing
conditions on the aircraft, this buffer may be increased to four times (20 nm) the
nominal protected radius [3].

The choice between (58) and (59) is usually made by selecting the angle that minimizes
the change from X to X,. If either choice requires the same magnitude of change, the
maneuver efficiency metric, to be defined in a later section, can be used to select the
preferred maneuver direction.

In (58) and (59), the minimum and maximum relative range azimuth angles and their
corresponding buffer angles are calculated at the time of conflict detection for a moving
hazard.

Now from Section 2, the same avoidance maneuver options that were developed for
avoidance of a moving intruder aircraft can be applied to the avoidance of a moving
hazard. Hence, if the own aircraft performs a single speed or track angle maneuver:

_ Sin(XA —Xn )
Vou =y | S~ )
or,
Yon =X —arcsin{[l’/—“] sin(X, — 7. )} (63)
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Alternately, if the own aircraft performs a optimum speed and track angle avoidance
maneuver:

Vi Sin(XA — XH ):| (64)

=X, —arctan
Hon A |:Vo Sin(XA _Zo)

_ COS(XA _Zo)
Yon =Yo {COS(XA — Xoa )} (65)

Once the own aircraft has completed the avoidance maneuvers around either a
stationary or moving hazard, any of the recovery maneuvers of Section 4 can be
selected.
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6 Acceleration/Turn Rate Limited Maneuvers

6.1 General Avoidance Maneuver Problem

When performing a speed or track angle maneuver, a finite time is required to reach the
desired speed or track angle. In the case of speed maneuvers, the maximum acceleration
(or deceleration) determines how fast the desired speed maneuver value is reached. In
the case of track angle maneuvers, the maximum turn rate determines how fast the
desired track angle value is reached. Up to now, it has been assumed that the desired
maneuver values can be reached nearly instantaneously. This is a reasonable
assumption, if the time required to make the desired track angle change is small
compared to the overall duration of the maneuver.

In the context of the last three sections, the discussion has focused on the guidance
commands required to avoid an intruder aircraft followed by the guidance commands
to recover to the next waypoint. In this section, the focus is on the control commands
that will allow the desired guidance commands to be realized. Since the control system
utilizes the finite acceleration and turn rate limits achievable by the maneuvering
aircraft, it must select alternate avoidance and recovery maneuvers whose net effect is
the same as if the maneuvers had been implemented instantaneously. A commanded
maneuver must be selected such that the average maneuver value over the duration of
the maneuver is the same as the desired instantaneous maneuver value.

Starting with the initial relative velocity:

vV _[Vo COS¥o —Via COSZlAj (66)

Vg SIN Yo —V A SIN YA

To avoid the intruder, the own aircraft has to change its speed and track angle such that
the avoidance relative velocity is achieved:

_ (VOA COS Yon ~Via COSZlA] (67)
Von SinZOA ~Via SinZlA
The own aircraft avoidance maneuver speed and track angle, v, and y,,, must
satisfy:
Voa SIN -V, sin
X, =(0+p8,)= arctan[ on SN Xon —V, SINA, j (68)
Voa COS Yoa =V, COS %,

with,
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. (R
B, =180° + arcsm(%j (69)
The relative velocity maneuver that is required to avoid the intruder aircraft is:

(70)

VA, COS —V, COS
AV, = (\LA _\i) =Voa 2( OA Aon o] ZOJ

Von SIN Xoa —Vo SIN %o
This relative velocity maneuver has to be made instantaneously and maintained for

duration of the avoidance maneuver time, t,, :

' t, V., COS —t,V. COS
JA\LAdt :( AY OA ZOA AY O ZOJ (71)
0

t,\Voa SIN Yoa — AV SIN Yo
If the relative velocity maneuver cannot be achieved instantaneously, then the time

integral of the relative velocity maneuver must be remain unchanged when finite own
aircraft speed and track angle maneuver changes are made:

(72)

TA\LAdt :T(Vo (t)cos;(o (t)—vo coszont _ (tAvoA COS Yon —taVo COS%]
0

0\Wo (t)SinZo (t)_vo Sinl’o TAVon SinZOA —taVo Sin;{o

Now if the maximum change in speed is an acceleration (deceleration), a,, then:

aot, ift <t,

Vo (t)=vg +{ (73)

AVguc, Ift >t
In (73), Av,,c, is the commanded speed change:

AViopc = (VOAC _Vo) (74)

Also, t_, is the time required to achieve this speed change:

t, = [—AVOAC j (75)

do

Likewise, if the maximum change in track angle is a turn rate, @, , then:
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wot, ift<t,

t)=xo + 76
Zot)= %o {%AC,WMZ (76)

Similarly, in (76), Ayoac, iS the commanded track angle change:

Xoac = (ZOAC - Zo) (77)

Also, t , is the time required to achieve this track angle change:

t}[ — (AZOAC ) (78)

Wo

6.2 Avoidance Maneuver Linearity Approximation
If the change in track angle, Ay, . is small, then (72) can be simplified using a 1st order
Taylor series expansion of the sine and cosine functions of the track angles:

TAV dt =T[AVO (t)COSZO VoA, (t)SinZo ]dt _ (tAAVOA COS Yo ~1aVoAXoa SinZo] (79)
SR LAV, ([U)sin g +Vo A, (t)cos o t AV SIN Yo +1,VoA¥oa COS ¥
where,
at, ift<t
Avg(t)=+°" " " (80)
AV, Ift>1,
and,
wot, ift <t
AXo (t): 7 (81)
Afonc, Ft>1,

When the track angle changes are too large to justify this 1st order Taylor series
expansion, a 2nd order Taylor series expansion may be required. A 2nd order Taylor
series expansion leads to a more complex set of coupled equations and hence is not
recommended for practical considerations.

The components of the integral equality in (79):
ta ta
jAvo (t)cos y,dt — IVOA}{O (t)sin yodt =t, (AV,, COS Yo —VoA¥on SIN Yo ) (82)
0 0

and,
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ta

ta
_[Avo (t)sin y,dt + jvoA;(O (t)cos yodt =t,(AVo, SIN ¥ +VoA¥ox COS 76 ) (83)
0

0

Substituting (80) and (81) into (82) and (83) and performing the integrations:

10.586t7 + (t —t, JAVouc |c0S 76 = [0.5m0t2 +(ta —t, JAzonc |- Vo SiN 26

. (84)
=1, (AVg, €S ¥o =V AZoa SIN 16 )

and,
[O.Saotv2 +(t, —t, JAVouc Jsin;(o + [O.Swoti + (tA —tZ)A;(OAC J-vo oS ¥,

. (85)
= tA(AVOA SIN Yo +VoAXon COSZO)

Multiplying (84) by cos x, (85) by sin ., and adding the resulting equations together
allows the velocity maneuver component to be isolated:
[O-Saotv2 + (tA -1, )AVOAC J =t AV, (86)

Likewise, multiplying (84) by -siny,, (85) by cosy,, and adding the resulting
equations together allows the track angle maneuver component to be isolated:

lO-SC‘)Ot; + (tA -1, )AZOAC J =1aA%on (87)

Hence, under the linearity assumptions used, the speed and track angle maneuvers can
be uncoupled.

6.3 Speed Avoidance Maneuver
Substituting (75) into (86):

1
(2 J(AVOAC )2 —tAAVpc HEAAV, = 0 (88)
a,

The commanded speed maneuver, Av,,., that is a solution to the polynomial (88) is [4]:

2t , Av
AVopc =85 {tA - \/tf\ _[%J} (89)
o

This maneuver is subject to the constraint that:

AV, | <0.5t, |ag | (90)
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Equations (89) and (90) are general enough to also apply to the case where:
Avg, <0 (91)
In that case, a deceleration is required where:
a, <0 (92)

As will be discussed in a later section, the feasible speed maneuvers may be limited by a
minimum and maximum speed limit, v, and v, :

VO,MIN < (VO + AVOAC ) < VO,MAX (93)

If (93) is not satisfied, the avoidance speed maneuver is not feasible. However, if the
avoidance maneuver is an optimum maneuver, using both speed and track angle to
avoid the intruder, the commanded speed in (88) can be set to the corresponding limit:

Voac = Vo max (94)
or,

Voac =Vomin (95)

Substituting (94) or (95) into (88) leads to the feasible instantaneous speed maneuvers:

Vouax —Vo )’
Voa =Vomax _lz%} (96)
ola

or,
(Vo —Vomn )2
= O OMNJ 7
Voa VO,MIN +{ 2|a0|tA (9 )

The corresponding avoidance track angle maneuver can then be obtained using (15) as
follows:

Xon =Xa _arCSin{(VVI ]Sin(ZA —X )} (98)

OA

6.4 Track Angle Avoidance Maneuver
Now to determine the commanded track angle maneuver, substitute (78) into (87):

(AZ’OAC )2 - (ZtAa)O )AZOAC + (ZtAwoAZOA ) =0 (99)

This can be solved as follows [4]:
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2t A
Aorc = @ {tA —Jti —(Q—ZJ} (100)
(0]

This maneuver is subject to the constraint that:

|A¥on| < 0.5t | | (101)
Equations (100) and (101) are general enough to also apply to the case where:
Ayon <0 (102)
In that case a negative turn rate is required:
w, <0 (103)

6.5 Recovery Speed Maneuver
Equation (88) can be adapted to describe the commanded recovery maneuver problem:

(21 J(AVORC )2 —trAVrc +tRAVOR =0 (104)
a5

In (104), AV rc, is the commanded speed change:

AVope = (VORC _VOAC) (105)

Also, Av,, is the desired (instantaneous) speed change from the last speed:

AVop = (VOR _VOAC) (106)

2t A
AVORC =3a, {tR _\/the _(%]} (107)
o}

The commanded recovery speed maneuver in (107) is subject to the constraint that:

The solution to (104) is:

AV 5| < 0.5tgay| (108)
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As will be discussed in a later section, the feasible speed maneuvers are limited by a
minimum and maximum speed limit, v, and v, :

VO,MIN < (VOAC + AVORC ) < VO,MAX (109)

If (109) is not satisfied, the recovery speed maneuver is not feasible. However, if the
recovery maneuver is used to acquire a moving waypoint, such as a MIT slot, both a
recovery speed and track angle maneuver is required. Hence, the commanded speed in
(109) can be set to the nearest speed limit:

Vore = (VOAC + AV ore ) = Vo max (110)
or,
Vore = (VOAC + AV ore ) =VomiN (111)

Substituting (110) or (111) into (104) leads to the feasible instantaneous speed
maneuvers:

2

V -V

Vormax = Vomax _{( O’MAZXa i OAC) } (112)
o'R

or,

(113)

(Vore ~Voun )
Vormn =Vomin +[ OA02|aO |f[)F;MIN }
Now for the recovery to a MIT slot, it is desirable to return back to this slot as soon as
possible. This is achieved by selecting the arbitrary relative recovery speed, V;, using
(112) in (44):

VR =Vwp COS(XR — Xwp )+ \/VS)R,MAX _VVZVP Sinz(XR _ZWP) (114)

Using (114) in (40) and (41) yields the recovery maneuver with the shortest feasible
recovery time.

Vor = \/VR2 + 2V Vg COS(XR — Awp )+V\f\IP (115)
and
Vg Sin Xy +Vyp SIN Zye

(116)
V, cos X, +V,p COS Yyp

Yor =arctan

The corresponding commanded recovery speed, Av.,., iS obtained by substituting
(115) into (107).
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6.6 Recovery Track Angle Maneuver

In a similar manner, (99) can be adapted to define the commanded recovery track angle
maneuver problem:

(AXORC )2 - (ZtRwO )AZORC + (ZtRa)oAIOR ) =0 (117)
In (117), AYogre » IS the commanded speed change:

AXore = (ZORC — Xoac ) (118)

Also, Ay, is the desired (instantaneous) speed change from the last speed:

AYor = (ZOR — Xoac ) (119)

2t A
AZORC = Wy {tR _\/the _(Ra)—ZOR]} (120)
(¢}

The commanded recovery track angle maneuver in (120) is subject to the constraint that:

The solution to (117) is:

|A%or| < 0.5tg |, | (121)
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7 Aircraft Speed Maneuver Constraints

In general, the magnitude of the track angle maneuver that an aircraft can perform is
not constrained — although large angle maneuvers are undesirable. However, aircraft
aerodynamic and propulsive considerations limit the speed maneuvers that can be
executed.

A typical jet aircraft maneuver envelope is shown in Figure 12:
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Figure 12. DC-9-80 Series Aircraft Maneuver Envelope

For any given altitude, a jet aircraft is limited to a minimum and maximum cruise speed
due to a number of constraints:

=  maximum structural loading,

» engine thrust, and

= aerodynamic buffeting.

The four categories of speeds that typically dominate aircraft maneuver limitations are:

= normal operating speed,
= maximum level flight speed,
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=  minimum/maximum buffet speeds, and
= stall speed.

At the higher end of the speed regime (especially at lower altitudes) is the aircraft’s
normal operating speed, V,,. The normal operating speed, also known as the
maximum structural cruising speed, is the maximum speed that an aircraft should fly
under normal operating conditions. For a DC-9-80 (MD-80) aircraft, representative of
current technology transport aircraft, the normal operating speed is V,,= 340 kts

calibrated airspeed [5].

At the higher end of the speed regime (especially at higher altitudes) is the aircraft’s
maximum level flight cruise speed. This speed is the maximum straight-and-level speed
that an aircraft can fly due to the maximum available thrust of the engines to match the
rapidly-rising airframe drag at high speeds. This speed limit is primarily a function of
the airframe drag coefficient characteristic and engine lapse rate. In Figure 12, the
maximum cruise thrust characteristic for the 135KIb MD-80 was taken from [5].

Next, at the lower end of the speed regime and at the highest altitudes, are the
minimum and maximum buffet speeds. These buffet speeds limit how slow or fast an
aircraft can fly without experiencing significant airframe vibration. At higher subsonic
Mach numbers, the buffet speed can limit the aircraft to minimum speeds significantly
higher than the stall speed. The buffet speed or Mach number is given by:

V, —am, = |2 (122)

S‘ LMAX buffet

where:  V; = buffet speed
M; = buffet Mach number
a = speed of sound at given altitude
n = load factor
W = aircraft weight
S = wing (reference) area
p = atmospheric density
= maximum aircraft lift coefficient due to buffet

LvaX buftet

For a given aircraft, Clnnnn is typically a nonlinear function of Mach number as
illustrated in Figure 13.
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Figure 13. DC-9-80 Series Maximum Buffet Lift Coefficient as a Function of Mach [5]

e
oo=
-

1.0

The reason that both minimum and maximum buffet speeds exist results from the fact
that both low-speed and high-speed cruise flight at high altitudes may require aircraft
lift coefficients which run up against transonic/Mach-based airframe buffet limitation.
The existence of both minimum and maximum buffet speeds due to the same lift
coefficient characteristic is analytically shown in the multiple intersections of (122) with
the buffet lift coefficient characteristic from Figure 13, as shown in Figure 14.

Operationally, the aircraft buffet speed limits normally include a load factor margin for
safely handling of high-altitude turbulence. A typical load factor margin chosen is 0.3
g's. In Figure 12, the minimum and maximum buffet speeds for the 135KIlb MD-80 were
determined based on flight with a 0.3g load factor margin and the aircraft buffet lift
coefficient characteristic taken from [5] and shown in Figure 13.

Finally, at lower Mach numbers, the buffet speeds yield to the stall speed in importance.
At lower altitudes and speeds, airflow separation over the aircraft wing airfoils limit the
ability for the aircraft to generate sufficient lift to keep the aircraft airborne. This aircraft
performance limit is driven by the stall speed of a given aircraft configuration. Stall
speed is a function of a number of factors including aircraft weight, wing area, airfoil
shape, and configuration (e.g., deployed flaps and slats). The low-speed, low altitude
stall limit typically includes a safety margin equal to 0.3 times the stall speed. In Figure
12, the minimum stall speed characteristic for the 135KIb MD-80 was determined based
on 1.3 times the designated stall speed of 167 kts calibrated airspeed taken from [5].
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Using [5], the above maneuver envelope limits were calculated for a DC-9-80 aircraft in
a cruise configuration flying at a weight of 135,000 Ib and at standard-day conditions.
The resulting maneuver envelope is shown in Figure 12. As one can see, at the lower
altitudes, the stall speed and maximum dynamic pressure limitations dominate. At the
higher altitudes, the buffet speeds and engine thrust limitations dominate.

For the DC-9-80 performance envelope, the maximum speed maneuver margin (i.e., the
difference between maximum aircraft speed and minimum aircraft speed for a given
altitude) occurs at 15Kft pressure altitude. At typical cruise altitudes (> 29Kft pressure
altitude), the speed window shrinks quite rapidly before going to zero. At altitudes
lower than 15Kft pressure altitude, this speed maneuver margin gets smaller, but this
decrease, as a function of altitude change, is slow and does not go to zero.

In the operational National Air Space (NAS) environment, in addition to aircraft
performance limitations, the usable speed maneuver margin will be a function of other
real-world limits. These limits include additional conservatism in selecting the
maximum and minimum speeds due to flight management system (FMS) limits, ATM
automation performance modeling, airline policy, and pilot acceptability. An interesting
phenomenon to note is that the shape of the maneuver envelope is such that lines of
constant calibrated airspeed (CAS) (e.g., parallel to the “Max Dynamic Pressure” limit)
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will tend to either be feasible or infeasible over normal operating ranges of the aircraft
and independent of altitude. This behavior of the constant CAS lines leads to the
possibility of a quick, CAS-based maneuver heuristic (e.g., “avoid the conflict by
slowing to 250 kts CAS”) that could be operationally used by pilots. In discussions with
line pilots, the authors have discovered some evidence of this real-world heuristic.

The trends observed in the speed maneuver margin lead to the conclusion that aircraft
performance limitations are a significant constraint on feasible conflict avoidance and
resolution maneuvers. As is the case for the DC-9-80, we expect the set of feasible
maneuvers to decrease as altitude increases for the typical, turbofan-powered
commercial aircraft at normal, en route cruising altitudes.
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8 Performance Metric

8.1 Definition

The intent of a maneuver performance metric is to determine the merits of alternate
maneuvers without using a high-fidelity aircraft simulation. Hence, when properly
chosen, the metric adequately captures the quantitative impact of the penalties incurred
with alternate maneuvers.

The key performance metric of interest to the airlines is the change in the direct
operating cost (DOC) when conflict resolution maneuvers are performed. The DOC is
defined as:

DOC =Db,At + b Aw, (123)

In (123), b, and b are the time and fuel costs respectively. In addition, At and Aw. are

the time interval of interest and the fuel weight expended over this time interval,
respectively:

At
Awg = [t (124)
0
In (124), w. is the aircraft fuel consumption rate.

Using (123) and (124) and the cost index,c, = % the efficiency metric (EM) is defined
F
as:
tnom

CltNOM + J.WF,NOMdt
EM E( DOCNoM ]: t 0 t (125)
DOCCD&R t . g .
c,(t, +ts)+ J‘waAdt+ IWF,Rdt
0 0

8.2 Fuel Weight Expended
Based on [6], the fuel consumption rate at cruise altitude is proportional to the thrust:

Wg =Cp (1+ CLJT (126)
F2

In (126), T is the aircraft thrust, v is the true airspeed, c. is the composite specific fuel
consumption coefficient, and c, is cruise fuel flow airspeed correction factor.

Under steady state, non-accelerating, conditions (when any speed change has been
completed), the thrust, T, must equal the drag, D:
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T =D =0.5pv°SC,

where, p = atmospheric pressure at the cruise altitude
S = aerodynamic reference area
C, = aerodynamic drag coefficient.

Substituting (127) into (126):

W, :o.5chs[1+L)vch(v)

Crz

Substituting (128) into (124):

At At v
Aw, = [wdt :o.5chsj(1+—)vch(v)dt
0 0

F2

8.3 Speed Maneuver
The drag coefficient, C,, in (129) is [6]:

C, =C,, +C,,C/

where Cy0.Cp, = aerodynamic drag coefficient parameters
C, = aerodynamic lift coefficient

To determine the lift coefficient, C_, the equation for lift is used:
L=0.5pv?SC,
For level flight, lift equals the weight of the aircraft:
L=W

Hence, combining (131) and (132), the lift coefficient for level flight is:

Substituting (133) into (130):

(127)

(128)

(129)

(130)

(131)

(132)

(133)

(134)

36 Seagull Technology, Inc.



RTO-67 Final Report

8.4 Track Angle Maneuver

The standard track angle maneuver is performed using a coordinated turn. The
coordinated turn increases the lift of the aircraft by increasing the angle of attack. With
the increased lift, the aircraft is rolled (banked) into the direction of the desired turn. By
keeping the size of the lift and roll angle coordinated, the vertical component of the lift
remains equal to the weight of the aircraft. The lateral component of the lift, divided by
the speed of the aircraft determines the turning rate:

. Ly sinu( g
=<~/ = 135
Xct v (W (135)
where, JYor = aircraft track angle rate using a coordinated turn

L., = lift required for coordinated turn
4 = bank (roll) angle
g = gravitational acceleration

For a coordinated turn: Loy cosu =W (136)

Combining (135) and (136), track angle rate for a coordinated turn is:

gtanu (137)

Her =
T Vv

For a coordinated turn, the lift coefficient is obtained by combining (129) and (136):

2W
Cier =—5— (138)
PV S Ccos u
Substituting (138) into (130):
aw )
Cp =Coy +CD2[2—j (138)
PV Scosu

The drag coefficient of the MD-80 aircraft at a cruise altitude of 31,000 ft is illustrated in
Figure 15, based on [5]. It is also described more completely in Appendix A. This figure
shows how the drag coefficient varies with the true airspeed under normal level flight
conditions as well as for a nominal and a maximum coordinated turn. The aircraft uses
either of the coordinated turn drag coefficient curves only during the time that a non-
zero turn rate is required to achieve a new track angle.
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MD80 DRAG COEFFICIENT (Lewel Fligth & Coord. Turn) vs CRUISE SPEED
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Figure 15. MD-80 Cruise Drag Coefficient vs True Airspeed
(FL 310, Weight 135Klb)

8.5 Efficiency Metric

If the speed, v, is constant over the time interval of integration, At , then (129) simplifies
to:

At
Aw, = [w.dt =0.5¢, pS[l+ L)VZCD(V)M (139)
0 CFZ

If the aircraft is changing speed without changing the track angle, then the drag
coefficient, C,(v), defined by (134). Alternately, if the aircraft is changing its track
angle, with or without changing its speed, then the drag coefficient defined by (138) is
used.

Hence, for instantaneous avoidance and recovery speed and/or track angle maneuvers,
substituting (139) into (125) leads to:

v
bitera +0.5bcCp p8(1+ CO}/CZJCD (Vo Xera

F2

\ \"
bt (tA +1g )+ O'SbFCF ,08{[1+ COA)\/CZJACD (VOA )tA + (1"' CORJV(?)RCD (VOR )tR }

F2 F2

EM =

(140)
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When acceleration or turn rate maneuvers are performed, the efficiency metric has to
solve (125). This is accomplished using numerical integration of the respective fuel
weight flow integrals.

The direct operating cost rate for level flight without turns is illustrated in Figure 16 for
the MD-80 aircraft at a cruise altitude of 31,000 ft with a weight of 135,000 Ib. Also
shown are the speed maneuver limits for this aircraft as derived in the previous section,
while the nominal cruise speed for this aircraft at this altitude is Mach 0.76 or 446 kts.
The curve in Figure 16 can be used together with the maneuver times and speeds
required in (140) to evaluate this efficiency metric. The units used in Figure 16 and (140)
must, however, be consistent.

MD-80 DOC/TIME vs CRUISE SPEED
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Figure 16. MD-80 Total Direct Operating Cost Rate vs True Airspeed
(FL 310, Weight: 135 KIb)
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9 Fixed Crossing Angle Test Cases

9.1 Test Case Description

A number of CD&R cases are investigated to illustrate the avoidance and recovery
maneuvers as well as their performance. The initial conditions for the test cases are
summarized in Table 1. In Table 1, the MIT conditions correspond to the special case
where the own aircraft is forced out of a MIT stream of traffic due to a potential conflict
with an intruder aircraft. After the avoidance maneuver, the own aircraft returns back
to its original slot.

Table 1. Initial Conditions for Test Cases

North Position East Position Speed Track Angle
(nm) (nm) (kts) (deg)

Own Aircraft 40 0 446 180
Intruder Aircraft 0 -40 446 90
Hazard (Stationary) (0,-10), (10,-5), (5,5), (-5,10), (-10,0) 0 0

Hazard (Moving) (0,-10), (10,-5), (5,5), (-5,10), (-10,0) 20 90
Waypoint (Stationary) -60 0 0 0

Waypoint (MIT) 40 0 446 180

The hazard region is a pentagon-sized area that is on the flight path of the own aircraft.
In the case where the hazard region moves, it is already blocking the normal flight of
the own aircraft to its next waypoint at the time of conflict detection. Since it moves so
slowly, it remains in front of the own aircraft until an avoidance maneuver is used.

To evaluate the efficiency metric, typical aircraft parameter values for a range of
aircraft, are presented in Table 2, based primarily on [6]. In addition the time cost
parameters are based on [7] and the fuel cost parameters are based on [8].

Using the parameter values of Table 2 for the MD-80 and the speed constraints of
Section 7, minimum and maximum speeds at a cruise altitude of 31,000 feet (FL 310)
were computed for a MD-80. The minimum and maximum speeds at this altitude are
respectively 394 and 469 knots. Hence, if the MD-80 has a nominal cruise speed of 446
kts (Mach 0.76), then the available speed maneuver limits are: -52 kts and +23 kts.
Figure 15 presents the cruise drag coefficient for the MD-80 both for nominal level flight
as well as for a nominal and a maximum coordinated turn maneuver. Further
discussions about the aerodynamic performance of the MD-80 can be found in
Appendix A.

40 Seagull Technology, Inc.



RTO-67 Final Report

Table 2. Aircraft Performance Parameters [6]

Cruise Values

Symbol Description MD- | B-737 | B-727 | B-757 | B-767 | B-777
80
Aircraft FAA Type 2)/L 2)/L 3/L | 2)/LH | 2I/H 2J/H

(nJ - njetengines, L - large
jet, H — heavy jet)

C, Cost index (100 Ib/hr, '01)* 144 137 179 190 229 246
b, Operating cost ('01 $/hr) [7]"" | $1,725 | $1,646 | $2,144 | $2,285 | $2,753 | $2,955
be Fuel cost ('01 $/1b)* [o1 $0.12/1b*, [$0.76/gallon]

$/gallon] [8]

Ce Composite cruise specific fuel | 0.36 0.51 0.28 0.50 0.46 0.58
consumption coefficient
(1/hr)

Ce, Cruise specific fuel 426 1000 250 1450 1430 | 100,000
consumption coefficient (kts)

S Aerodynamic reference area 1270 1345 1700 1991 3049 4605
(ft’)

W Nominal weight (klIb) 135 137 163 209 331 465
Vo Aircraft cruise Mach number 0.76 0.79 0.82 0.78 0.80 0.84

(TAS (kts) @ FL 310) (446) | (464) | (481) (458) | (469) (493)
P Air density @ FL 310 0.857E-3

(slugs/ft3) [9]

* Based on jet fuel conversion factor of 6.6 Ib/gallon

“*Based on 1998 cost data (DOT Form 41) [7] and extrapolated to 2001, assuming a 3
year inflation rate of 10%.

* For use in cost metric algorithm, the cost index has to be expressed in terms of Ib/sec

9.2 Intruder Avoidance with Recovery to Fixed Waypoint

Table 3 presents a set of test cases for avoidance of a conflict with an intruder aircraft
followed by a recovery to the next waypoint. This table examines both the
instantaneous maneuvers and the acceleration or turn rate-limited maneuvers. Also, the
recovery maneuvers are investigated with and without an RTA constraint. Finally, the
conflict scenarios lead to a perfect collision, if not avoided.

Avoidance maneuvers to the right and to the left are investigated. For this -90 deg
crossing angle (intruder minus own aircraft track angle) scenario, a right avoidance
maneuver allows the own aircraft to pass behind the intruder. Alternately, a left turn
avoidance maneuver results in the own aircraft passing ahead of the intruder. All
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maneuvers are referenced to the nominal speed and track angle that the own aircraft
had at the time that the conflict was detected.

Table 3. Comparison of Acceleration/Turn Rate-limited with Instantaneous Avoidance and
Recovery Maneuversfor Fixed Waypoint (With /Without RTA Constraint)

Avoidance Accel/Turn Relative Avoidance Relative Recovery
Maneuver RTA Rate Maneuvers Maneuvers
Cases MLimited Pass Speed Angle | Speed Angle
aneuver (ts) (deg) (ts) (deg)
3a) Speed-only No No Behind -72.7 0 0 0
Yes Avoidance Speed Exceeds Limit
Yes No 727 | o | +s62 | o0
Yes Avoidance & Recovery Speed Exceed Limits
3b) Angle-only No No Behind 0 +10.1 0 -5.9
Yes 0 +10.2 0 -6.0
Yes No 0 +10.1 +6.5 -5.9
Yes 0 +10.2 +6.7 -6.0
3c) Optimum No No Behind -41.2 +5.1 0 -2.9
Yes -43.6 +5.1 +19.2 -2.9
Yes No -41.2 +5.1 +29.4 -2.9
Yes Recovery Speed Exceeds Limit
3d) Speed-only No No Ahead +86.8 0 0 0
Yes Avoidance Speed Exceeds Limit
Yes No +868 | o | 498 | o0
Yes Avoidance Speed Exceeds Limit
3e) Angle-only No No Ahead 0 -10.1 0 +7.8
Yes 0 -10.2 0 +8.1
Yes No 0 -10.1 +9.8 +7.8
Yes 0 -10.2 +10.4 +8.1
3f) Optimum No No Ahead +19.1 -7.4 0 +5.7
Yes +23.0 -7.4 -0.5 +5.8
Yes No +19.1 -7.4 -8.9 +5.7
Yes +23.0 -7.4 -9.8 +5.8

The acceleration-constrained speed maneuvers were computed with a maximum
acceleration of +0.2 kts/sec or with a maximum deceleration of -1.2 kts/sec. The turn
rate-constrained maneuvers were computed with a turn rate limit of +1.7 deg/sec.
Calculated based on typical high altitude acceleration and idle thrust deceleration rates,
for the MD-80 [5] and a turn rate limit based on a 35 deg bank angle limit [6], these
limits are applicable to a given MD80 at FL310 with a weight of 135KIb. More extreme
deceleration and turn rate maneuvers are physically possible for the MD-80, but in a
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real-world operational environment, passenger comfort often plays a factor. Actual
deceleration and maximum turn rates are often a function of pilot preference (as
discovered by the authors in communications with a number of pilots [10]). In the case
of deceleration/accelerations, other factors like pilot perceptions of passenger tolerance
of aircraft type-specific acoustic noise and jerk (the change in acceleration) impact pilot
control actions. Due to the short time to loss of separation (4.7 min) for this scenario,
these acceleration and turn rates are considered to be realistic for a tactical CD&R
scenario.

Examining Table 3, the speed avoidance maneuvers are infeasible since the speed limits
are exceeded. For the optimum avoidance maneuvers, that use a combination of speed
and track angle maneuvers, the instantaneous speed maneuvers were selected such that
the acceleration-constrained speed avoidance maneuver does not exceed the speed
limit. This can be seen in Case 3f. Since there is no comparable means to recompute the
recovery speed maneuvers for the optimum avoidance cases, the RTA-constrained
optimum recovery maneuver in Case 3c was found to be infeasible.

In general the difference between the RTA-constrained and unconstrained
instantaneous maneuvers is that the former require a recovery speed maneuver while
the latter return the recovery speed back to the nominal speed. Also, it is seen that the
difference between the acceleration and turn rate constrained maneuvers and the
instantaneous maneuvers is small, with the exception of speed maneuvers that require
an acceleration, such as Case 3c and 3f.

Figure 17 compares the acceleration/turn rate-constrained maneuvers with the
instantaneous maneuvers for the RTA-constrained maneuver of 3c. Similarly, Figure 18
illustrates the RTA-constrained maneuvers of Case 3f.

Table 4 summarizes the acceleration/turn rate constrained track angle and optimum
avoidance cases of Table 3. The principal benefit of the RTA-constrained cases is that
the time costs are the same for the nominal and the CD&R maneuver case. All the costs
that are presented in this table are referenced to the nominal flight costs from the point
of conflict detection to the next waypoint.
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Table 4. Avoidance and Recovery Maneuversfor Fixed Waypoint
(With /Without RTA Constraint; Acceleration/Turn Rate-limited Maneuvers)

Relative Avoidance Rel. Recovery Performance Metrics
Maneuver Maneuver
Avoidance Pass Speed | Angle | Speed | Angle | ADOCt | ADOCr | ADOC EM
Maneuver RTA (kts) (deg) (kts) (deg) $) %) %)
Cases
4a) Angle-only No Behind 0 +10.2 0 -6.0 $3.54 $2.53 $6.07 | 0.990
Yes 0 +10.2 +6.7 -6.0 0 $5.20 $5.20 0.991
4b) Optimum No Behind -43.6 +5.1 +19.2 -2.9 $15.27 $4.71 $19.98 | 0.966
Yes Recovery Speed Exceeds Limit
4c) Angle-only No Ahead 0 -10.2 0 +8.1 $4.75 $3.02 $7.77 | 0.987
Yes 0 -10.2 +10.4 +8.1 0 $7.34 $7.34 0.987
4d) Optimum No Ahead +23.0 -7.4 -0.5 +5.8 -$4.46 | $11.73 | $7.27 | 0.988
Yes +23.0 -7.4 -90.8 +5.8 0 $9.87 $9.87 0.983

Based on the efficiency metric, the track-angle only, pass behind, avoidance maneuvers
of Case 4a achieved the highest performance and hence the minimum maneuver direct
operating cost. These cases are shown in green in Table 4. In general, the optimum
avoidance maneuvers do not achieve as high a performance when compared to the
corresponding track angle avoidance maneuver since the former involve speed
maneuvers. The speed maneuvers lead to higher fuel costs since these maneuvers must
be maintained for the duration of the avoidance or recovery phase. Track angle
maneuvers, on the other hand, only generate higher fuel costs during the brief period
that a non-zero turn rate is required.

9.3 Hazard Avoidance with Recovery to Fixed Waypoint

Table 5 presents the CD&R maneuvers between an aircraft and a stationary or moving
hazard. Both the acceleration/turn rate-constrained maneuvers and the unconstrained
(instantaneous) maneuvers are presented. All the maneuvers are RTA-constrained. The
first two cases correspond to the CD&R maneuvers to avoid a stationary hazardous
region. Since the area hazard is stationary directly in front of the own aircraft, only a
track angle-only maneuver is required either to the left or right around the hazard.

The remaining cases correspond to a slowly moving hazard that is directly in front of
the own aircraft at detection. Hence, only track angle or optimum maneuvers are
feasible. Of the available moving hazard avoidance cases, only the track-angle
avoidance maneuver case that leads to a pass behind maneuver is feasible. The
remaining cases require recovery speeds that cannot be achieved with the available
acceleration levels. Case 5c¢ is illustrated in Figure 19.
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Table 5. Comparison of Acceleration/Turn Rate-limited with I nstantaneous Avoidance of
Hazard and Recovery to Fixed Waypoint (With RTA Constraint)

Accel/Turn Relative Avoidance Relative Recovery
Avoidance Hazard Rate Maneuvers Maneuvers
Maneuver Cases | Motion Mlelted Pass | Speed | Angle | Speed Angle
aneuver (kts) (deg) (kts) (deg)
53_) Ang|e_0n|y No No nght 0 +14.0 +15.7 -9.5
Yes 0 +14.2 +17.3 9.7
5b) Angle-only No No Left 0 -12.5 +16.5 +10.3
Yes 0 -12.6 +18.5 +10.7
- —————————————
5¢) Angle-only Yes No Behind 0 +11.5 +10.2 -7.6
Yes 0 +11.7 +10.8 -7.9
5d) Optimum Yes No Behind -12.9 +11.5 +19.5 -7.6
Yes Recovery Speed Exceeds Limit
5e) Angle-only Yes No Ahead o | 150 | +252 | +127
Yes Recovery Speed Exceeds Limit
5f) Optimum Yes No Ahead -10.2 ‘ -15.1 | +35.5 | +12.7
Yes Recovery Speed Exceeds Limit
460 | | | | | |
)L S A I I S [ [ E— 1
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Figure 19. Acceleration/Turn Rate Limited CD&R Maneuvers around Moving Hazard
(Heading-only, Pass Behind, RTA-Constraint)
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Table 6 presents the performance for the acceleration/turn rate limited cases of Table 5.
Of interest is the fact that Cases 6a and 6b have the same efficiency metric to within 3
significant digits, even though there are differences in the magnitudes of the avoidance
and recovery maneuvers.

Table 6. Own Aircraft Avoidance of Hazard with Recovery M aneuversto Fixed Waypoint
(Acceleration/Turn Rate-limited Maneuvers, RTA Constraint)

Avoidance Relative Avoidance Relative
Maneuver Hazard Maneuver Recovery Performance Metrics
Cases Motion Maneuver
Pass Speed | Angle | Speed | Angle | ADOC; | ADOCt | ADOC EM
(kts) | (deg) | (kts) | (deg) (%) ($) $)
6a) Angle-only No Right 0 +14.2 | +17.3 -9.9 0 $14.13 | $14.13 | 0.976
6b) Angle-only No Left 0 -12.6 +18.5 | +10.7 0 $13.99 | $13.99 | 0.976
6¢) Angle-only Yes Behind 0 +11.7 | +10.8 -7.9 0 $7.44 | $7.44 | 0.987
6d) Optimum Yes Behind Recovery Speed Maneuver Exceeds Limit
6e) Angle-only Yes Ahead Recovery Speed Maneuver Exceeds Limit
6f) Optimum Yes Ahead Recovery Speed Maneuver Exceeds Limit
9.4 Intruder Avoidance with Recovery to Moving Waypoint (MIT Constraint)

Table 7 presents four test cases that have the same conflict and avoidance geometry as
the previous two-aircraft CD&R scenarios. Now, however the recovery maneuver is
back to a moving waypoint and a recovery speed maneuver is always required.
However, a recovery track angle maneuver is only required if an avoidance track angle
maneuver is used. This table shows both the acceleration/turn rate constrained
maneuvers as well as the instantaneous maneuvers.

Table 7. Comparison of Acceleration/Turn Rate-limited with I nstantaneous Avoidance and

Recovery Maneuversfor Moving Waypoint (Miles-in-Trail Constraint)

Accel/Turn Relative Avoidance Relative Recovery
Avoidance _Ra_te Maneuvers Maneuvers
Maneuver Limited Pass Speed Angle Speed Angle
Cases Maneuver (kts) (deg) (kts) (deg)
7a) Angle-only No Behind 0 +10.1 +16.9 -13.4
Yes 0 +10.2 +23.0 -14.2
7b) Optimum No Behind -41.2 +5.1 +11.5 -15
Yes -43.6 +5.1 +23.0 -1.5
7c) Angle-only No Ahead 0 -10.1 +17.9 +13.4
Yes 0 -10.2 +23.0 +14.1
7d) Optimum No Ahead +19.2 -7.4 +23.0 +37.2
Yes +23.0 -7.4 +23.0 +51.0
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While a speed-only avoidance maneuver can be performed for this scenario, it is
considered to be infeasible under the MIT constraint. This is based on the fact that this
maneuver might violate the miles-in-trail constraint (e.g.: maintain 10 miles in trail
ahead and behind the neighboring aircraft in traffic stream).

The recovery maneuvers that are shown in Table 7 are not unique. Specifically, in
computing these recovery maneuvers, an unspecified relative recovery speed is
required. For the cases in Table 7, the recovery speed was selected such that the fastest
feasible recovery would be achieved. This can be seen by examining the acceleration
limited recovery speeds for all four cases and noting that these have been set at the
maximum positive speed change of +23 kts.

Figure 20 illustrates Case 7a. Case 7d is illustrated in Figures 21 and 22.
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Figure 20. Acceleration/Turn Rate-limited CD&R Maneuvers
(Track Angle-only Avoidance Maneuver, Pass Behind, MIT Constraint )
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2 AIRCRAFT PLANAR CD&R TRAJECTORIES (MIT)
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Figure 21. Two Aircraft CD&R Maneuvers (Local Level Coordinates, Optimum
Avoidance Maneuver, Pass Ahead, MIT Constraint)
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Figure 22. Acceleration/Turn Rate-Limited Aircraft CD&R Maneuvers
(Optimum Avoidance Maneuver, Pass Ahead, MIT Constraint)

49 Seagull Technology, Inc.



RTO-67 Final Report

Finally, Table 8 presents the performance for the acceleration/turn rate limited
avoidance and recovery maneuvers in Table 7. The large fuel cost, and low efficiency
metric, associated with Case 8b arises from the fact that the actual recovery speed
maneuver requires the speed to be changed from -43.6 kts to +23 kts using a maximum
acceleration of +0.2 kts/sec. As shown in this table, the track angle avoidance maneuver
that leads to a pass behind maneuver, provides the best performance.

Table 8. Avoidance and Recovery Maneuversto a Moving Waypoint
(Acceleration/Rate-limited Maneuvers, Miles-in-Trail Constraint)

Avoidance Relative Avoidance Relative
Maneuver Maneuver* Recovery Performance Metrics
Cases Maneuver*
Pass Speed | Angle | Speed | Angle | ADOCt | 4ADOCr | 4ADOC EM
(kts) | (deg) | (kts) | (deg) (%) (%) (%)

8a) Angle-only | Behind 0 +10.2 | +23.0 -14.2 0 $8.12 $8.12 | 0.978
8b) Optimum Behind -43.6 +5.1 +23.0 -1.5 0 $21.13 | $21.13 | 0.977
8c) Angle-only | Ahead 0 -10.2 | +23.0 | +14.1 0 $10.30 | $10.30 | 0.977
8d) Optimum Ahead +23.0 -7.4 +23.0 | +51.0 0 $18.96 | $18.96 | 0.940
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10 Crossing Angle Parametric Test Cases

10.1 Test Case Description

The last section focused on a specific crossing angle conflict scenario, using a -90
degree-crossing angle of the intruder relative to the own aircraft. This section explores
the impact of various crossing angles on the conflict evasion performance. The focus is
on the two-aircraft conflict case with the own aircraft returning to the next waypoint
with a RTA constraint. In addition, the two-aircraft conflict case with a MIT constraint is
investigated. The avoidance and recovery maneuvers are assumed to be achieved
instantaneously. As shown in the discussion in the last section, the difference between
the instantaneous and acceleration/rate-limited maneuvers was only significant for
some of the MIT cases.

In the cases presented in this section, the following constraints are invoked:
1. Only the own aircraft maneuvers

2. Own aircraft avoidance maneuver must be completed before next waypoint is
reached.

3. Track angle maneuvers (avoidance-nominal or recovery-avoidance) must not
exceed 60 degrees.

4. Recovery maneuver must be conflict-free.

5. Speed maneuvers (avoidance-nominal or recovery-nominal) cannot exceed the
lower 1.3g buffet limit or the upper max thrust limit.

Constraints 2 and 3 are soft limits that avoid major disruptions of the flight plan.
Constraints 4 and 5 represent hard limits that the own aircraft cannot violate.

In the following cases, the crossing angle of the intruder relative to the own aircraft was
varied by ten degrees from +10 degrees through 180 degrees to —10 (350) degrees. Since
both aircraft start out the same distance from the potential collision point and both have
the same initial speed, a zero degree-crossing angle is unrealistic. Two avoidance
maneuvers are evaluated: one passing ahead on the front side and one passing behind
on the back side of the intruder aircraft.

10.2 Intruder Avoidance with Recovery to Fixed Waypoint (RTA Constraint)

Figures 23 - 25 show the results of the track angle avoidance maneuver cases. Each
figure shows both the feasible pass ahead (red) and pass behind (blue) maneuvers. The
maneuvers are presented in terms of the change in track angle or speed relative to the
nominal case. In Figure 23, the avoidance and recovery speed limits are indicated by the
black bands. The avoidance track angle limits are also shown in the top panel.
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However, since the recovery track angle limits are measured relative to the avoidance

track angle, these limits could not be included in the third panel.
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Figure 23. Avoidance and Recovery Maneuver vs Crossing Angle
(Track Angle Avoidance Maneuver, RTA Constraint)
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(Track Angle Avoidance Maneuver, RTA Constraint)

Examining Figure 23, it can be seen that the small crossing angle cases (10 deg) are not
feasible. This arises from the fact that the recovery speed limits are exceeded. The
reason that these small crossing angle cases are so difficult to perform is that the
avoidance relative velocity, V ,, is smaller, as indicated by the relative avoidance speed
in Figure 25. Hence, it takes a recovery speed to achieve the RTA constraint, that is
limited by the aircraft speed maneuver envelope.

Based on Figure 24, the pass behind maneuvers provide the highest performance for all
feasible avoidance and recovery maneuvers. As shown in Figure 25, the pass behind
maneuvers also correspond to the highest relative avoidance speeds.

Figures 26 - 28 present the corresponding optimum avoidance maneuver parametric
crossing angle cases. Similar to the track angle avoidance cases, the recovery speed
maneuver limits lead to feasible avoidance and recovery maneuvers for crossing angles
greater than 20 deg and less than 340 deg.
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Figure 28. Efficiency Metric and Relative Avoidance Speed vs Crossing Angle
(Optimum Avoidance Maneuver, RTA Constraint)

An examination of Figure 26, shows that the pass ahead maneuvers produce the best
perfromance. The unusual bell-shape to the pass ahead performance curve arises from
the fact that the avoidance speed maneuvers are constraint by the upper speed limit for
crossing angles less than +140 deg or more than +220 deg. Figure 28 shows that the
relative avoidance speed is the same for the feasible pass ahead and pass behind
maneuvers. Comparing Figure 27 with Figure 24 indicates that the track angle-only
avoidance cases outperform the optimum avoidance cases for all but the near head-on
crossing angles (170 to 190 deg) where both achieve about the same performance.

10.3 Intruder Avoidance with Recovery to Fixed Waypoint

(Speed Ratio: 0.9, RTA Constraint)
In this section the crossing angle cases of the previous section are revisited with the
initial condition that the speed ratio, v, /v,, is set to 0.9. Hence the intruder aircraft
speed is approximately 10% faster than that of the own aircraft. Figures 29 and 30
present the track angle-only avoidance cases while Figures 31 and 32 present the
optimum avoidance maneuver cases.

Comparison of these figures with those of the last section indicates the same general

trends. Now, however, the feasible track angle only crossing angle cases are limited to
track angles greater than 30 deg or less than 330 deg. For the optimum avoidance
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maneuver cases, the feasible crossing angle cases are limited to track angles greater than
40 deg or less than 320 deg.
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Figure 29. CD&R Maneuvers vs Crossing Angle
(Track Angle Avoidance Maneuver, Speed Ratio vO/vl = 0.90, RTA Constraint)
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Figure 30. Efficiency Metric vs Crossing Angle
(Track Angle Avoidance Maneuver, Speed Ratio vO/vl = 0.90, RTA Constraint)
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Comparison of the performance curves in Figures 30 and 32, shows again that the track
angle-only avoidance cases outperform the optimum avoidance maneuver cases for all
crossing angles except near head on (170 to 190 deg), where they are comparable.
Comparison of Figures 30 and 32 with Figures 24 and 27 shows that the, current lower
speed ratio cases achieve a generally lower performance than the unity speed ratio cases
of the last section except for near head-on crossing angle cases. For the latter the
performance is comparable.

10.4 Intruder Avoidance with Recovery to Fixed Waypoint

(Speed Ratio: 1.1, RTA Constraint)
Next, the cases for which the speed ratio is 1.1 are investigated. These cases correspond
to the initial conditions where the intruder aircraft speed is approximately 10% slower
than the own aircraft.

Figures 33 and 34 present the track angle-only avoidance maneuver cases while Figures
35 and 36 present the optimum avoidance maneuver cases. Similarly to the previous
two sections, the trend for each set of cases (whether track angle-only or optimum
avoidance maneuver) is the same.
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Figure 35. CD&R Maneuvers vs Crossing Angle
(Optimum Avoidance Maneuver, Speed Ratio vO/vIl = 1.1, RTA Constraint)
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Figure 36. Efficiency Metric vs Crossing Angle
(Optimum Avoidance Maneuver, Speed Ratio vO/vI = 1.1, RTA Constraint)

The feasible maneuvers are limited by the feasible recovery speeds. For the current
speed ratio, the feasible maneuvers for both the track angle-only and the optimum
avoidance maneuvers include all the crossing angle cases that were investigated (10 to
350 deg). The maximum performance of the maneuvers shown in Figures 34 and 36 are
are somewhat higher than for the cases presented in the previous two sections, except
for the near head-on cases where they are comparable. It appears that a favorable speed
advantage (vO/vl = 1.1) allows the own aircraft primarily to avoid intruder aircraft
conflicts with smaller crossing angles (x10 deg) than if the speed advantage is not
favorable (vO/vI = 0.9).

10.5 Intruder Avoidance with Recovery to Moving Waypoint (MIT Constraint)

The final parametric cases that are investigated involve the avoidance of an intruder
aircraft with recovery to a moving waypoint. Specifically, the own aircraft is in a stream
of traffic with a MIT constraint. An intruder aircraft arrives with varying crossing
angles (same speed as own aircraft) to produce a potential conflict. The own aircraft
performs either a track angle-only avoidance maneuver or an optimum avoidance
maneuver before recovering back to its original MIT slot.

Figures 37 and 38 present the track angle avoidance cases while Figures 39 and 40
present the optimum avoidance cases.
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Figure 38. Efficiency Metric vs Crossing Angle
(Track Angle Avoidance Manuever, MIT Constraint)
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Since the relative recovery speed, Vi, is selected such that the own aircraft returns back
to its MIT slot as fast as possible, both sets of maneuver cases are constraint by the
maximum feasible recovery speed, v,,. For the optimum avoidance cases, the

maneuvers are further limited by the feasible avoidance speeds, V,.

Examining the efficiency metric for the track angle avoidance case, a very symmetric set
of curves are shown that show no difference for the pass behind and the pass ahead
maneuvers, where both are feasible. However, the pass behind maneuver cases are
feasible down to smaller crossing angles, (20 deg and 340 deg) than the pass ahead
cases. As in the previous sections, the track angle avoidance cases outperform the
optimum avoidance cases except for nearly head-on encounters (170 to 190 deg) where
both are nearly the same.

In Figure 37, the pass ahead cases are limited to crossing angles greater than 30 deg and
less than 330 deg, even though these cases do not appear to violate any of the speed or
track angle limits. Examination of the relative avoidance speed, V,, shows that this
speed is zero for these infeasible cases.

In Figure 40, the head-on crossing angle case does not result in the highest performance,
unlike Figure 38 and the RTA constrained cases. For this MIT scenario the nominal time
reach the point at which the conflict resolution is completed is determined as the sum of
the avoidance and recovery times, t, and t; for this moving waypoint scenario. Hence
the nominal time is variable, unlike the RTA cases. An comparison was made of the 180
deg crossing angle case with the 170 deg crossing angle case, in Figure 40. It was
established that the relative maneuver DOC was larger for the latter crossing angle case,
as expected. However, the nominal DOC was also larger resulting in a slightly better
performance for the 170 deg crossing angle case.

The 180 deg crossing angle cases should really be ignored for this scenario since it is

unrealistic. Specifically, the intruder aircraft would have to be in the MIT stream of
traffic to produce a head-on threat to the own aircraft.
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11 Summary and Conclusions

This report presented solutions for conflict avoidance maneuvers that avoid an intruder
aircraft or a hazardous region. This was followed by recovery maneuvers that take the
aircraft to the next waypoint while conforming to any applicable RTA or MIT
constraints. For the avoidance maneuvers, the geometric optimum algorithms of [1]
were used. The recovery algorithms incorporated either a miles-in-trail constraint (MIT)
or a required time of arrival (RTA) constraint [2] .

A special case was investigated where an aircraft, in a MIT stream of traffic, must
perform conflict resolution maneuvers to avoid an intruder aircraft approaching the
traffic stream and then return to its MIT slot. In addition, the effect of aircraft
performance limits was modeled. The available speed maneuver capability for a typical
jet aircraft (e.g., MD-80) at cruise altitude was determined by computing the
performance envelope of this aircraft. The impact of these speed limits on solutions for
conflict avoidance and/or recovery was studied.

To provide a quantitative assessment and comparison of various conflict resolution
maneuvers, a efficiency metric was derived based on the direct operating cost of a
maneuver. This efficiency metric reflects both the time and fuel cost of conflict
resolution. Performance parameter values to evaluate this cost metric were obtained
from the Eurocontrol Base of Aircraft Data (BADA) [6]. These were supplemented with
time cost parameters from DOT Form 41 financial data [7] and fuel costs from [8].

The effect of various TFM constraints on the CD&R problem was demonstrated for a 90-
deg crossing angle geometry. The TFM constraints considered were: hazard avoidance,
capture of a fixed waypoint with and without RTA conformance, and re-capture of a
MIT slot. Details of various avoidance and recovery solutions were presented, along
with data on the DOC and performance metric.

Speed-only resolutions were found to be generally infeasible. Other resolutions
(associated with track angle-only and geometric-optimal avoidance) required speed
maneuvers for avoidance and/or recovery. Some of these maneuvers were infeasible
due to aircraft performance limits.

Additionally, the impact of finite acceleration, deceleration, and turn rate limitations on
feasible maneuvers were studied. In multiple cases, the lack of significant aircraft
acceleration capability required an infeasible recovery maneuver that would have
resulted in a recovery speed outside of the available speed maneuver margin. In one
case, the deceleration limit was a factor, but turn rate limits were never a factor.

In addition to the single crossing angle test cases, parametric crossing angle cases were
evaluated for the two aircraft conflict resolution problem. In addition, the initial
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intruder speeds were varied such that the own aircraft had a speed
advantage/disadvantage of £10%.

It was found that in general for small crossing angle cases of +20 degrees or so, the
relative velocity between the own and intruder aircraft was so low that any avoidance
maneuver that further reduced this relative velocity was generally considered to be
infeasible. This was based on the fact that the own aircraft requires such a long time to
complete the avoidance maneuver that it passes its next waypoint. As a result it has to
make a large recovery maneuver to fly back to this waypoint. Therefore this avoidance
and recovery maneuver combination was considered to be impractical.

As for the single crossing angle cases, the track angle-only avoidance maneuvers
achieved a higher performance and were generally feasible over a larger range of
crossing angle cases than the optimum maneuvers. In the optimum maneuver cases, an
avoidance speed change usually led to a more demanding recovery speed (to meet a
given RTA) which fell outside the feasible speed maneuver margin. Also, the largest
crossing angle cases (180 degrees head-on) achieved the highest performance, with
performance deteriorating significantly as the crossing angle decreases. The closer to
head-on (180 deg) the conflicts were, the smaller were the differences in resolution
performance between both the track angle-only and optimum maneuvers and between
the pass ahead and pass behind maneuvers.

Of the parametric cases that involved different initial speeds, the highest performance
was achieved for the case where the own aircraft initial speed advantage was 10%
higher than the intruder aircraft. In addition, feasible avoidance maneuvers could be
found for all the crossing angle cases that were evaluated for this scenario.

The reverse was true when the own aircraft had a speed disadvantage of 10%. For this
case, the feasible range of crossing angle cases were the most limited, being restricted to
crossing angles > 30deg and < 330 deg. In addition, the non-head on crossing angle
cases had the lowest performance.

For the crossing angle parametric cases, it was shown that the track angle-only
avoidance maneuvers that required the aircraft to pass behind an intruder aircraft
tended to outperform the cases where the own aircraft passes ahead of the intruder
aircraft. For the optimum avoidance maneuver cases, the reverse was true.

Further work is recommended to extend the analysis of this report to include the
altitude plane. As a result, horizontal conflicts could be avoided using speed, track
angle, altitude, or any combination of these avoidance maneuvers. In addition, this
altitude extension would investigate the more challenging conflict problems where the
own aircraft finds itself in conflict with an intruder pop-up aircraft or the own aircraft
encounters a conflict with an intruder, while it is changing altitude. The efficiency
metric would then be extended to select the optimum avoidance maneuver.
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This work should also be extended to include uncertainties in the knowledge of the
position and velocity of the intruder aircraft. Hence, for longer range (strategic)
detection of conflicts, the own aircraft has a choice of delaying the initiation of the
avoidance maneuver until the intruder state uncertainty has been reduced. Alternately,
the avoidance maneuver can be initiated directly after detection. In the former case, the
required avoidance and recovery maneuver may be larger than if the avoidance
maneuver had been initiated earlier. In the latter case, the avoidance maneuver may not
be as efficient or possibly even necessary.
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Appendix A: MD-80 Cruise Performance Characteristics

This appendix summarizes the performance of the MD-80 aircraft based on [5]. The
focus is on the MD-80 aircraft operating at a cruise pressure altitude of 31,000 ft with a
weight of 135,000 Ib. The data contained in this appendix is provided primarily in
support of computing the efficiency metric to evaluate candidate avoidance and
recovery maneuvers. In addition, some of the material presented illustrates the
penalties/benefits when a maneuver results in a change from the nominal cruise speed
and track angle.

The aerodynamic drag coefficient values at different cruise speeds and for different
coordinated turn maneuvers were obtained from curves provided by [5]. To derive an
analytic function for the drag coefficient, a fourth order polynomial fit was made
through the data points for three different cruise conditions. These cruise conditions
consist of level flight, a nominal coordinated turn, and a maximum coordinated turn.
The polynomial equation is of the form:

C,(v)= (0.01){a4 (1\!“)4 +a, (ﬁjg + az(l\(/)—ojz + al(l\(/)_OJ + ao}

In (A-1), the drag coefficient is C,, the true airspeed is v, expressed in units of ft/sec,
and the polynomial coefficients are a,. The polynomial coefficients are summarized in
Table A-1 and the corresponding drag coefficient curves are illustrated in Figure A-1

(A-1)

Table A-1. MD80 Drag Coefficient Polynomial Fit Parameters
Polynomial Coefficients

Cruise Flight Segment a, a, a, a, a,
Level Flight 0.351134 -9.67877 100.318 -464.171 813.608
Coordinated Turn 0.600597 -16.6981 174.336 -810.910 1422.76
(1 deg/sec Rate)

Coordinated Turn 0.566609 -15.4076 157.353 -716.738 1235.13
(35 deg Bank Angle)

The 1 deg/sec turn is a typical turn used in cruise that results in a change in track angle
with minimum disturbance to the passengers. The 35 deg bank angle turn, however, is
used to perform an avoidance maneuver under tactical conditions where there are only
a few minutes of time to avoid a conflict. For the cases presented in the main body of
this report, the 35 deg bank angle turns were used.
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MD80 DRAG COEFFICIENT (Lewel Fligth & Coord. Turn) vs CRUISE SPEED
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Figure A-1. MD-80 Cruise Drag Coefficient vs True Airspeed
(FL 310, Weight 135Klb)

Using the drag coefficient curves in Figure A-1, the drag curves are illustrated in Figure
A-2 for different maneuvers as a function of the true airspeed.

MD80 DRAG (Lewel Flight & Coord. Turn) vs CRUISE SPEED
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(FL 310, Weight 135 Klb)
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While the nominal cruise speed of Mach 0.76 or 446 kts produces the minimum drag
coefficient in Figure A-1, the minimum drag airspeed is at slower speeds than the
nominal cruise speed as shown in Figure A-2.

The direct operating cost per distance traveled for level flight is illustrated in Figure A-3
while Figure A-4 focuses only on the fuel cost per distance. As shown in Figure A-3, the
nominal cruise speed is slightly lower than the minimum while in Figure A-4, the
nominal cruise speed is considerably higher than the minimum.

MD-80 DOC/DISTANCE vs CRUISE SPEED
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Figure A-3. MD-80 Total Direct Operating Cost/Distance vs True Airspeed
(FL 310, Weight: 135 KIb)

In selecting the operating cruise speed for the MD-80, [5] uses the reciprocal curve to
Figure A-4, as shown in Figure A-5. Figure A-5 presents the distance traveled per
weight of expended fuel.

The select the preferred cruise speed, the maximum distance/fuel weight is selected in
Figure A-5. Next the 99% value of the maximum distance/fuel weight that lies to the
right of the true airspeed corresponding to the maximum distance/fuel weight is found.
Then the cruise speed is selected as the minimum of either the 99% value of 438 kts or
Mach 0.76 (446) kts. In this study, 446 kts was used instead of 438 kts, partly to be
consistent with the BADA database.
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MD-80 FUEL WEIGHT/DISTANCE vs CRUISE SPEED
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